The complete understanding of microbial propionate oxidation in syntrophy with hydrogenotrophic 14 methanogenesis remains elusive due to uncertainties in pathways and mechanisms for interspecies electron 15 transfer (IET). Possible pathway variants differ in their intermediate metabolites, on which electron carriers are 16 involved and in which steps are coupled to (and to how many) proton translocations. In this work, a systematic Importance 30 In this work an original methodology was developed that quantifies the bioenergetically and 31 physiologically feasible net ATP yields for large numbers of microbial metabolic pathways 32 and their variants under different conditions. This ensures global optimality in finding the 33 pathway variant(s) leading to the highest ATP yield. The methodology is especially relevant to 34 hypothesise which microbial pathway variants are most likely to prevail in microbial 35 ecosystems under high selective pressure for efficient metabolic energy conservation. 36
Propionate oxidation to acetate and hydrogen is a highly endergonic reaction under standard 44 conditions (∆G 01 = +76.1 kJ/mol propionate (1) ). The reaction however, can become exergonic 45 and yield sufficient energy for net ATP production only at very low hydrogen partial pressures 46 (PH2) (1-10 Pa) typical in methanogenic environments (2-4). In the case of the reduction 47 reaction of CO2 to methane via hydrogen, although it is highly exergonic under standard 48 conditions (∆G 01 = -131 kJ/mol; (1) ), under typical methanogenic conditions (very low PH2) the 49 reaction falls much closer to equilibrium with actual energy available between -15 and -40 50 kJ/mol (3). Both volatile fatty acid (VFA) oxidisers and methanogens are known to grow very 51 close to thermodynamic equilibrium (5). 52
Due to these bioenergetic limitations, propionate oxidation is believed to be possible only 53 under syntrophic association with hydrogen scavenging microorganisms (6). The specialised 54 nature of methanogenic archaea, which are able to grow only on very few substrates (acetate, 55 CO2, hydrogen/formate or other C1 compounds such as methanol) (4,7), makes them dependent 56 on other microorganisms for their supply of substrate. Both syntrophic reactions can proceed 57 simultaneously only within a narrow range of concentrations if dissolved hydrogen is the 58 interspecies electron transfer (IET) mechanism, this range is known as the methanogenic niche. 59
The fact that, under methanogenic conditions, the amount of energy available from either of 60 the two syntrophic reactions is smaller than the minimum needed for one ATP unit synthesis 61 via substrate level phosphorylation, implies that metabolic energy conservation must be driven 62 by chemiosmotic transmembrane proton translocations (1) . 63
Significant work has been done on the elucidation of electron transfer mechanisms between 64 syntrophic partners; propionate (or butyrate) oxidisers with methanogens. Different 65 mechanisms for IET have been proposed to occur via hydrogen and/or formate. Although IET 66 via hydrogen has been identified as more suitable than formate due to its higher diffusivity (8), 67
IET via formate has also been proposed when microorganisms do not grow in aggregates, given 68 its much higher solubility (6, (9) (10) (11) (12) . Formate and hydrogen production in the same 69 microorganism have also been proposed to take place at different reaction sites with (i) formate 70 produced at the reoxidation step of menaquinone from the oxidation of succinate to fumarate 71 and (ii) hydrogen produced in the reoxidation of the NADH from the malate oxidation to 72 oxaloacetate and the ferredoxin reduction of pyruvate to acetyl-CoA reactions, respectively 73 (4,13). The hypothesis of both IET capable species simultaneously produced is supported by 74 faster observed growth in presence of syntrophic methanogens that metabolize both hydrogen 75 and formate (14,15). Formate has been suggested to serve in those cases as a temporary electron 76 sink (16). Alternative mechanisms of IET have been proposed including via conductive pili 77 (also called nanowires) as in Geobacter sulfurreducens (17) (18) (19) . Geobacter species appears to 78 be the only bacteria known to date to display this feature, which appears to facilitate the 79 microbial growth in aggregates (20). Methanobacterium (hydrogen or formate utilising 80 methanogens) appears to be in low abundance when microorganisms growth in aggregates with 81
Geobacter species, suggesting that IET should occur via an alternative mechanism to H2 or 82 formate (21). Evidence of syntrophic partners transferring electrons via shuttle molecules 83 (sulfur species, humic substances or flavins), through nanowires or conductive minerals have 84 also been reported (22-24). Methanogenesis rates from propionate and acetate have shown to 85 increase significantly after addition of iron oxides during growth (25). 86
Numerous studies have focused on elucidating the catabolic pathways of propionate 87 oxidation to acetate and numerous different possible pathways have been described including: 88 (i) propionate oxidation via the methylmalonyl-CoA pathway, which has been extensively 89 studied (4,6,10,11,13,16,26-30), (ii) propionate oxidation via lactate (26,31,32) or (iii) 90
propionate oxidation via hydroxypropionyl-CoA (26,31). Propionate oxidisers that use the 91 methylmalonyl-CoA pathway are however the only ones that have been isolated (6). The 92 conversion of propionate via an alternative butyrate and acetate yielding pathway has also been 93 reported (33,34). 94
Although detailed thermodynamic studies have been conducted of individual reactions 95 present in related microbial catabolic pathways (35-40), the complete understanding of many 96 microbial conversions remains unachieved. This is largely due to the lack of clarity on the 97 different possible pathway variants and/or mechanisms that drive endergonic reactions. 98
Pathway variants are defined here in terms of which intermediate metabolites, in particular 99 electron carriers, are involved as well as in terms of the mechanisms for energy conservation 100 (i.e. proton translocations) and the location in which they take place within a pathway. In order 101 to address these remaining uncertainties in terms of pathway variants and syntrophic IET, a 102 comprehensive bioenergetic evaluation of a very large set of reported pathway variants is 103 presented in this work for propionate oxidation as well as for hydrogenotrophic 104 methanogenesis. The consideration of the impact that intermediate metabolite concentrations 105 have on the bioenergetics of each reaction step across each pathway is central to determine the 106 feasibility of each pathway variant and the quantification of its net ATP yield. The syntrophic 107 pathways evaluation for an ample range of hydrogen partial pressures is specifically targeted 108 to understand the limits of the IET mechanism and of the methanogenic niche within which 109 syntrophic propionate oxidisers and methanogens can both simultaneously sustain growth. 110
Methodology 111

Selection of pathways for propionate oxidation 112
The selection of the catabolic pathways to be considered for the oxidation of propionate to 113 acetate as per Eq. Literature has been found reporting variability in terms of which electron carriers are 118 involved in certain reaction steps of the methylmalonyl-CoA pathway. In the oxidation of 119 succinate to fumarate, menaquinone has been reported as the electron carrier (11,16) while 120 FADH2 has also been reported as possible electron carrier for the same reaction step (27) . 121 Discrepancies in the specific terminal products from electron carrier reoxidation were also 122 found. The oxidation of NADH carriers has been proposed to occur through hydrogenases 123 (16, (41) (42) (43) . Formate dehydrogenases have also been reported to oxidise menaquinone (11, 30) . 124
Hydrogen and formate however, appear to be thermodynamically equivalent (13,44) and 125 therefore only hydrogen was considered in this work as the terminal product of the electron 126 carrier oxidations. 127
In the case of hydrogenotrophic methanogenesis, the pathway was also compiled from 128 literature (2,3,7,45-47) and, specifically, the energy conservation sites via proton translocation 129 (48, 49) . 130
Selected pathway reactions were cross referenced from the literature sources and the Kyoto 131
Encyclopaedia of Genes and Genomes (KEGG) database (50). Only reactions based on 132 enzymes reported in prokaryotes were considered. Although for some cases microorganisms 133 known to carry out an entire pathway may have not been yet isolated (e.g. P5 or P6 in Table 1) , 134 in this work, all reactions in a given pathway variant were assumed to take place within a single 135 cell. It is worth noting that some of the pathways selected such as methylmalonyl-CoA (P2,P3), 136 lactate (P4) or hydroxypropionyl-CoA (P6) contain cyclic steps (4,16,28). The complete set of 137 pathways considered for the oxidation of propionate are presented in Table 1 and those for 138 hydrogenotrophic methanogenesis in Table 2 . Graphical representations of the pathways are 139 available in the Supplementary Information Figures S1.1-1.6. 140
Environmental conditions for pathway evaluation 141
A set of environmental conditions representative of a typical stable methanogenic anaerobic 142 digestion steady state operation were selected as reference (51). The pathway variants are 143 evaluated at those constant conditions and extracellular concentrations of substrates and 144 products. The propionate and acetate concentration values selected were set at 1.4•10 -4 M and 145
3.07•10 -3 M respectively. The hydrogen partial pressure (PH2) was set to a default 1.62 Pa and 146 is assumed to be in equilibrium with its corresponding dissolved concentration. 147
Intracellular metabolite concentrations 148
Based on the values for intracellular metabolite concentrations reported in literature (52) and 149 on theoretical calculations (53), all internal metabolite concentrations were constrained within 150 a physiologically feasible maximum of 10 -2 M and a minimum of 10 -6 M. The small volume of 151 a cell (circa 1 µm 3 ) (54) implies that less than one hundred single molecules would be present 152 inside the cell at 10 -7 M a number considered too low for any feasible subsequent positive 153 reaction rate. The total concentrations of other conserved moieties such as electron carriers and 154 free CoA were defined as parameters (38,55). The concentrations of electron carrier were 155 characterised by the ratios between their reduced and oxidised forms and constrained such that 156 their total concentration is conserved and neither form falls outside the physiological limits 157 described above (this implies maximum and minimum reduced/oxidised carrier ratios of 10 -4 158 and 10 4 respectively). 159
Thermodynamic parameters and assumptions 160
The thermodynamic values of Gibbs free energy (and enthalpies) of formation, required for the 161 thermodynamic calculations for each reaction step, were collected from the literature for each 162 metabolite (1,3,56-59). The enthalpy of formation values of a limited number of metabolites 163 involved in the oxidation of propionate to acetate were unavailable and had to be estimated. 164
Detailed references for the thermodynamic parameters along with the estimation methods used 165 for some enthalpies, are provided in the Supplementary Information S3. Temperature corrected 166 bioenergetics were applied to all pathways reactions for propionate oxidation using the Van't 167
Hoff equation. Temperature corrections were however not applicable to the hydrogenotrophic 168 methanogenesis pathway reactions, due to the unavailability of enthalpies for methanofuran 169 (MFR) or tetrahydromethanopterin (H4MPT), which are important in pathway. 170
Chemiosmotic energy conservation 171
All reactions identified to take place via membrane-bound enzymes are assumed, in principle, 172 as capable of proton translocation through the cell membrane to, either directly recover energy 173 as proton motive force (pmf), or to drive endergonic reactions in a pathway. Those energy 174 conservation sites were identified both through previous literature (1,4,48,60-65) and the 175 online database Metacyc (66). 176
Assessment of pathways feasibility 177
For each reaction step in which an electron carrier was involved, a set of possible electron 178 carriers variants were defined. Additionally, for each reaction step with proton translocation 179 capability, a range of possible numbers of proton translocations that can take place in that step 180 were defined (see Table 1 ). 181 must fall below the lower physiological limit in order to thermodynamically enable a preceding 193 reaction to occur. If a reaction step has high energy and allows (maintaining still ∆G<0) for the 194 produced metabolite to take concentration values higher than the upper physiological limit (10 -195 2 M), the concentration sits at the upper limit and energy is dissipated and lost. The evaluation 196 of a pathway variant that is feasible concludes with the quantification of its overall net ATP 197 yield. A pseudo code representation of the algorithm developed is shown in the Supplementary 198 Information S3. 1. 199 Some of the pathways evaluated contain cycles (e.g. P2-P4 from Table 1 
). A pathway 200
contains a cycle when one reaction in the pathway requires two substrates to yield two products 201 (excluding from here the conserved moieties such as electron carriers and free CoA). A specific 202 section of the algorithm had to be developed to be able to evaluate the cyclic steps and 203 metabolite concentrations based exactly on the same principles described above and not 204 involving additional assumptions (see Supplementary Information S3.1). 205
In addition to cycles, pathways can contain electron bifurcation reactions (65,67) as is the case 206 in the reduction of the CoM-CoB heterodisulfide in the methanogenesis pathway, (R34, Table  207 2). This allows for the reduction of CO2 to Formyl-MFR via the produced reduced ferredoxin 208 (R26, Table 2 ). A specific section of the algorithm was also developed in order to evaluate 209 pathways in which electron bifurcation takes place (see Supplementary Information S3.2). 210
The combinatory set of possible pathway variants as defined above becomes very large 211 (nearly 600 000 in this case) for each set of physiological parameters and environmental 212 conditions as defined in Table 3 . The automation capacities of the algorithm developed allowed 213 for the evaluation of the complete domain of all possible pathway variants. This ensures global 214 optimality since the pathway variants with the highest ATP yields found have to be indeed the 215 optima in terms of metabolic energy conservation. 216
Parameter selection and sensitivity analysis 217
The values reported in literature for some of the required physiological parameters show 218 variability (Table 3) Propionyl-CoA 248 249 An overview of the sets of parameter sets evaluated for this sensitivity analysis purpose is 254 shown in Table 3 . A total of 30 parameter set configurations were evaluated for all the pathway 255 variants (which corresponded to 18.5 million pathway variant-parameter set scenarios). Within 256 this evaluation space, only from the feasible pathway variants (i.e. all reactions with a ∆GR <= 257 0 plus all metabolites within the defined physiological limits) and, among these, only those 258 with positive net ATP yield are presented and discussed. All other pathway variants are deemed 259 either unfeasible or unable to sustain microbial growth under the given conditions. 260 Table 3 . 274
The results consistently present the lactate pathway (P4a) as the one biochemically and 275 thermodynamically capable of yielding the most ATP during propionate oxidation. Only if the 276 ∆GATP were to take values more negative than -45 kJ/mol (Figure 1a The different environmental conditions considered (see Table 3 ) imply differences in the 294 overall catabolic energy available. The only exception is perhaps the extracellular pH ( Figure  295 1h) with almost no impact due to the very similar acidity (pKa values) for propionate and 296 acetate (substrate and product of the overall reaction). Lower values of the PH2 (Figure 1e) , 297 make the overall reaction more exergonic, and potentially more net ATP can be produced. 298
However even at very low PH2 values (1.62 Pa), such as found in methanogenic environments, 299 the energy available is below the energy of one net proton translocation. Only a few of the 300 pathway variants that involve the propionyl-CoA to acryloyl-CoA reaction steps (P4a, P5a) 301 appear as even feasible. 302 303 304 Figure 1 . The net ATP produced for each pathway under different physiological (a-d) and environmental (e-h) parameters are 305 shown above. Only the parameter indicated below each graph is modified in respect to the reference conditions (shaded in 306 grey in Table 3 ). Horizontal lines show the total catabolic energy available (-∆Gcat) for pathway efficiency visualisation. 307 308 309 Analogously, for the dissolved external CO2 concentration (also a product of the overall 310 reaction) the lower its concentration, the more catabolic energy is available. However, the 311 methylmalonyl-CoA pathway appears to have a bottleneck as it becomes unfeasible below 0.1 312 mM CO2 concentrations. This is explained by the role of CO2 in the carboxylation step of 313 propionyl-CoA to methylmalonyl-CoA. If the concentration of CO2 is insufficient, the reaction 314 becomes endergonic and the pathway cannot proceed (see Supplementary Information, Figure  315 S5.3). A last impact is that of higher temperature (Figure 1g) which, due to the reaction entropy 316 increase, makes the overall reaction more exergonic, allowing for more pathway variants to 317 reach net ATP yields. 318
The pathway evaluation method developed provides the metabolite concentrations profiles 319 of all feasible reactions. In Figure 2 the profile is shown for the pathway variants that obtained 320 the highest net ATP yield, namely propionate oxidation via lactate (P4a), at three different 321 partial pressures of hydrogen. 322 Table 3 were used. 330 Figure 2 shows that all metabolites remain within physiological limits for all the PH2 values 331 evaluated (same PH2 as shown in Figure 1e ). As the catabolic energy decreases with increasing 332 product concentration (H2), less net energy in the form of translocated protons can be recovered 333 by the cell, particularly in the oxidation of reduced ferredoxin and in the possible transport of 334 acetate outside of the cell. Energy must be and is dissipated (as described in the Methodology 335 section) in those reactions whose products reach the maximum physiological concentrations 336 (e.g. pyruvate to acetyl-CoA at PH2 of 1.63 and 0.13 Pa respectively). Figure 2 As for the case of propionate oxidation, different environmental conditions imply 360 differences in the overall catabolic energy available, except for extracellular pH since no net 361 acids are produced or consumed. Since hydrogen and CO2 (Figure 3f and Figure 3g ) are 362 substrates of the hydrogenotrophic methanogenesis reaction, the higher their concentration, the 363 higher the catabolic energy available and the higher is potentially the net ATP recovered. 364
The intracellular metabolite concentration profiles for the hydrogenotrophic 365 methanogenesis pathway are shown in Figure 4 for three values of the hydrogen partial 366 pressures. 367 368 Table 3 were used.
374
The feasibility and potential bottlenecks in the hydrogenotrophic methanogenesis pathway 375 are shown in Figure 4 along with the sites of energy conservation (via proton translocation). 376
The steps highly impacted by the values of PH2 are the reduction of the coenzyme F420 377 
Syntrophic propionate oxidation and methanogenesis: methanogenic niche 380
To evaluate the simultaneous syntrophic growth of microorganisms conducting propionate 381 oxidation and hydrogenotrophic methanogenesis, the achievable net ATP yield for each of the 382 two microbial groups was evaluated ( Figure 5) as function of the hydrogen concentration 383 (considered the sole mechanism for IET). The reference physiological parameters as per in 384 Table 3 were used for both microbial groups. The typical environmental conditions from a 385 methanogenic anaerobic digestion scenario were used (51). 386 387 
393
The methanogenic niche appears to be limited to a range of PH2 (or equivalent alternative 394 IET) between 1.2 and 4 Pa. This result based on the complete evaluation of all pathways 395 variants for thermodynamic and physiological feasibility indicates that propionate oxidisers 396 can only produce ATP within this hydrogen pressure range through the lactate pathway. 397
Moreover, the region of highest overall reaction efficiency is found at PH2 between 2.7 and 4 398 Pa, coinciding with a leap up to higher ATP yield for the methanogen partner almost at the 399 limit of feasibility for the propionate oxidiser. 400
Such low values of PH2 for syntrophic reaction feasibility are highly problematic as they are 401 below the defined minimum physiological limit of 1 µM. Considering a bacterial cell volume 402 of around 1 µm 3 , the number of hydrogen molecules present inside a cell within the 403 methanogenic niche would be around 6 to 12. Such small number implies likely a kinetic 404 impossibility for methanogenesis to actually take place. This suggests that IET between 405 syntrophic partners should occur through alternative or additional mechanisms rather than 406 through dissolved hydrogen. Moreover, if hydrogen is the only electron sink, the 407 methylmalonyl-CoA pathway (the most studied pathway in propionate oxidation) does not 408 appear to be feasible in any range of PH2 values evaluated. Sustained growth for the methanogen 409 syntrophic partner, if based solely on dissolved hydrogen as electron donor, appears as an 410 impossibility at such low concentrations as insufficient hydrogen is available. 411
The equivalent concentrations of formate, in equilibrium with hydrogen, calculated as 412 alternative IET mechanism and shown in Figure 5 additional axis, show a more feasible 413 methanogenic niche, since concentrations are above the defined lower physiological limit (1 414 µM). Alternatively, electrons could be transferred directly via a conductive material at 415 potentials between -270 to -285 mV, as also shown in Figure 5 . 416 These results suggest that IET must occur through alternative mechanisms such as via formate 432 or via direct electron transfer (e.g. via conductive pili) at a voltage near -275 mV vs. SHE. The 433 algorithm developed appears to be well suited for the study of other energy limited microbial 434 metabolisms as it is largely founded on first principles and an entirely mechanistic basis. 435
Conclusions
